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1. INTRODUCTION 

Iron is one of the elements that exist naturally in water. A small amount of iron is essential to the 
body but high concentration of iron in water can cause it to have unpleasant taste, colour and odour. 
Meanwhile, in terms of health risk, excessive amount of iron in the body can lead to health problems such as 
disorder of iron metabolisms [1]. For this reason, World Health Organization (WHO) sets a guideline for iron 
concentration in drinking water being below than 0.3 ppm [2]. 

Traditionally, several methods have been introduced to detect iron concentration such as atomic 
absorption spectrometry (AAS) [3], [4] and inductively coupled plasma mass spectrometry (ICPMS) [5]. 
Apart from that, techniques of fluorescence [6], [7] and colourimetric [8], [9] have been also explored 
extensively. However, these methods require expensive instruments that needs to be operated by specialists, 
meaning that they are not suitable to be used in-situ [10]. Moreover, they requires complicated procedure for 
chemical preparation and therefore becomes difficult for the routine implementation [11]. 

On the other hand, fiber-based optical sensor approaches are now growing in various fields including 
chemical sensing owing to their unique properties like small in size, robust, low in cost, ability for remote 
sensing and immunity to the electromagnetic interference [12]. Typically, optical fiber based- chemical sensing 
can be done by modifying the structure of the fiber such as grating on the core (fiber bragg grating) [13], 
interferometer [14] and modified cladding [15], [16]. By modifying the cladding of the fiber, for instance the 
removal of cladding layer (unclad fiber), it can induce a few sensing phenomena such as surface plasmon 
resonance (SPR) and evanescent wave absorption (EWA). 
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In optical fiber-based SPR, a metallic layer is used to be deposited on the fiber core and forming a new 
cladding layer after the fiber cladding is removed. This metallic layer is used to generate surface plasmon wave 
(SPW) at fiber core-metal interface, as light from the fiber is incident on the metal surface [17]. Commonly, 
gold (Au) and silver (Ag) are employed in previous work [18] as the metallic layer due to their advantages of 
having a substantial amount of charge carriers and the suitability of sensing operation in the visible region 
spectrum [19]. As the technology of SPR emerges, a lot of new methods and materials have been explored to 
improve the sensitivity of SPR such as modifying the metal film by an overlayer of tungsten disulphide (WS2) 
nanosheets onto gold film [20] as well as utilizing dip-coated graphene over metals as in [21] and dip-coated 
graphene gold nanocomposite in [22]. 

Alternatively, for the unclad fiber to have interaction with that directly interacts with the liquid 
sensing medium, employment of EWA is another option. EWA occurs in the event of total internal reflection 
(TIR) in the core-cladding interface, where some of the energy escapes into the cladding medium and 
generates the electromagnetic field along the propagation referred as evanescent wave [23], [24]. Unlike the 
optical fiber-based SPR method that is highly complicated in fabrication, high in cost and sensitive to motion, 
EWA has advantages of simple fabrication, robustness and low cost [25]. 

According to the literature, there are many developments that utilize the principle of EWA by employing 
different types of unclad fiber structure [26]. For instance, straight (no bending), U-bent shape, D-shape and 
balloon-shape. For the straight structure, it offers simplicity and the fabrication process is less complicated in 
comparison with other structures [27]. Few developments have been reported regarding the use unclad fiber 
with straight structure for iron sensing [28]—-[30]. Lee et al. [28] demonstrated a straight unclad fiber using 
both a multimode silica fiber and a multimode plastic fiber as the sensor head. The sample preparation of this 
work requires the addition of thiocyanate to the Fe** to deliver a red-coloured compounds. Meanwhile, 
Varghese et al. [29] demonstrated iron detection using a plastic multimode fiber. In this work, hydroxylamine 
hydrochloride and bathophenanthroline was used to produce a red-ferrous complex. In addition, a straight 
geometry of unclad fiber was utilized as the sensing head using plastic clad silica (PCS) fiber in [30]. In this 
work, the reaction with potassium ferro cyanide solution causes the blue coloured Fe** complex to appear. 
The common things in research work [28]—[30] are that they use chemical reagent for iron sensing. 

In this work, we present a simple fiber optic method by unclading the plastic optical fiber (POF) in a 
straight structure using chemical etching method. The unclad fiber causes the light from the core to have 
interaction with the iron when the fiber is dipped in the iron solution. This work requires no reagent or other 
chemicals for sample preparation. Therefore, it offers simplicity in the implementation as well as cost-effectiveness 
due to the avoidance of the reagent. 


2. METHOD 

The experimental setup to investigate the iron concentration in water based on optical fiber sensor is 
demonstrated in Figure 1. The experimental setup consists of a halogen light source from ocean optics (DH-mini 
light source), a POF as the sensor head and a spectrometer from ocean optics (HR4000CGUV-VIS) as the detector. 
This spectrometer is connected to a computer for output monitoring using OceanView software. As for the 
sensor head, the POF used in this experiment has a polymethyl methacrylate (PMMA) core with the core and 
cladding diameter of 980 um and 20 um thick, respectively. The refractive index of the POF is 1.492 for the 
core and 1.417 for the cladding. 

With the 15 cm length of the POF, the sensor head is fabricated by removing the cladding of the 
fiber at the centre using a chemical etching method. There are 3 sensor heads being prepared with different 
unclad region lengths of 1 cm, 2 cm, and 3 cm in order to analyze which length gives high performance. 
Acetone, de-ionized water, and sandpaper are involved in this chemical etching method. The cladding of the 
fiber is removed by immersing the POF in the acetone solution for 10 seconds and then the unclad POF is 
quickly dipped into the de-ionized water to stop the acetone reaction towards the cladding of the fiber [31], [32]. 
Afterwards, the sandpaper is used to scrub the outer fiber surface that has soft milky-white layer formed by the 
reaction earlier. 

In this work, the fiber sensor is tested with iron concentration from the iron standard solution (pure iron) 
and also with the real water sample. Figure 2(a) shows the sample of pure iron solution used in this experiment. 
The iron standard solution is obtained from a manufacturer Hach with concentration of 10 ppm. This solution is 
then diluted into lower concentration of 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, and 1.0 ppm. There are a total of 
10 samples of iron solution all together, and they are diluted by adding them with a certain amount of de-ionized 
water based on the dilution calculation. As for the reference sample, de-ionized water is used due to non-existence 
of mineral ions within. 
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Figure 1. Experimental setup of fiber optic sensor 


On the other hand, Figure 2(b) shows the real water sample with various amounts of iron 
concentration. The value of iron concentration is measured using a low range photometer, model HI97742 by 
Hanna Instrument. There are 5 samples of real water being used and their measured concentration are 0.24 ppm, 
0.55 ppm, 0.97 ppm, 1.08 ppm and 1.6 ppm. As for the reference sample, de-ionized water is used for that 
purpose. 

During the experiment, the sensor head is dipped into 10 ml of iron solution sample and the light 
intensity is observed in the computer through OceanView software. Data captured by the OceanView 
software is then extracted for the purpose of data analysis. The result for each iron sample solution is 
obtained by taking the average of 3 values during the measurement. 

The method of detection in this work utilizes the principle of evanescent wave that occurs on the 
core-cladding interface. It is common knowledge that light propagation in the fiber is made possible due to 
the TIR. In this event, the incident angle is greater than the critical angle, causing light to reflect back from 
the core-cladding interface. However, at each TIR, a small amount of energy escapes and penetrates into the 
fiber cladding, creating an electromagnetic field called as the evanescent wave [23]. This evanescent wave is 
sensitive to the refractive index (RI) and consequently, whenever the sensor head is dipped into the sensing 
medium at different concentration, the evanescent could detect the changes accordingly. 
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Figure 2. Variation of iron concentration in (a) iron standard solution and (b) real water samples 


3. RESULTS AND DISCUSSION 

Figure 3 demonstrates the light intensity output as the light passes through the plastic optical fiber at 
different unclad lengths. Based on the graph, it shows that the light intensity is about 10000 counts at 1 cm of 
unclad length, while at 2 cm and 3 cm of unclad length, the light intensity is about 6000 and 5000 counts 
respectively. Hence, it can be concluded that the light intensity decreases as the unclad length of the POF 
increases. This is expected as wider unclad length causes more light to escape from the core to the 
surrounding which leads to higher loss [33]. Therefore, this experimental work chooses the unclad length of 1 
cm for the sensor head as it provides the highest output intensity, meaning that it has the lowest loss in 
comparison to other unclad lengths of 2 cm and 3 cm. 
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The output spectrum, shown in Figure 4, is the result of light intensity from the light source passing 
through the sensor head at different iron concentrations. Figure 4(a) shows the output spectrum in broader 
range of wavelength from 400 nm to 900 nm, while Figure 4(b) is for the narrow range of wavelength from 
630 nm to 730 nm. The output spectrum at the narrow range is plotted to observe the behaviour of the peak 
wavelength at 690 nm as iron concentration varies. According to this result, it provides a linear trend of 
output light intensity as iron concentration increases. The unclad region from the sensor head causes the light 
from the core to leak to the surrounding and it has interaction with the iron solution. Due to the unclad 
structure of the POF in the sensor head, the iron solution therefore acts as a new cladding layer. Resulting 
from the increase of the sample refractive index with the iron concentration, the refractive index difference 
between the sample and fiber core reduces. Ultimately, the output light intensity increases as a consequence 
of the reduction of light loss. 
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Figure 3. Output spectrum of light intensity at different unclad lengths 
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Figure 4. Output spectrum as iron concentration varied: (a) at wavelength 400 nm to 900 nm and (b) at peak 
wavelength 690 nm 


Several performance parameters are investigated in this research work, including the sensitivity and 
linearity of the sensor. The sensitivity and the linearity are analysed at two peak wavelengths which are 690 nm 
and 769 nm. Based on the result obtained illustrated in Figure 5, the sensitivity at 690 nm (0.0328/ppm) 
turned out to be slightly better than at 769 nm (0.031/ppm). On the other hand, the linearity performances at 
both wavelengths of 690 nm and 769 nm are 0.9824 and 0.9881 respectively. Both values are higher than 0.98, 
indicating that the relationship between the output light intensity and iron concentration is very much linear. 

For futher investigation of other performance parameters, the wavelength is fixed at 690 nm as it has 
lower loss and better sensitivity in comparison to that at the wavelength of 769 nm. In this research work, the 
resolution of the sensor obtained is 0.3049 ppm which is calculated using the mathematical formula as [34]: 


Resolution = — (1) 
Sensitivity 
Where N, is the smallest scale of the detector (spectrometer) which is 0.01 while sensitivity is obtained 
through the slope of the graph earlier in Figure 5. Based on the formula, higher sensitivity results in lower 


resolution and resolution of the sensor basically indicates the smallest changes of the iron concentration that 
can be measured by the sensor. 
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Figure 5. Performance analysis for sensitivity and linearity at wavelengths of 690 nm and 769 nm 


In addition, the lowest iron concentration that can be detected by the sensor or also called as limit of 
detection (LOD) is obtained to be 0.0755 ppm which can be calculated using the formula as [34]: 


3.3xX 0 


LOD = == (2) 


Where, o is the standard deviation and S, is the sensitivity of the sensor. 
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Figure 6. Performance analysis of fiber optic sensor in term of (a) stability vs time and (b) stability precision 


Apart from that, the stability and stability precision of the sensor are studied and the result is 
presented in Figure 6. Figure 6(a) shows the output light intensity for over 180 seconds. Based on this result, 
the total fluctuation of light intensity attained is 32.08 count with the highest value of 10227.54 at 74 seconds 
and the lowest value of 10195.49 at 7 seconds. Whereas, Figure 6(b) shows the result of the stability 
precision plotted in one graph for iron concentration from 0.1 ppm to 1.0 ppm. The value obtained is within 
the range of 99.77% (lowest) and 99.91% (highest) at 1 ppm and 0.8 ppm correspondingly. 

In this research work, the experiment is repeated for 3 times for every concentration. The measurement 
of the output result for these 3 experiments is recorded and plotted in the graph as shown in Figure 7. Based on 
this result, the relative standard deviation (RSD) is then calculated and presented in Figure 8. Since RSD is the 
ratio of the standard deviation, o to the mean, u value, hence the formula used in this research work to calculate 
RSD is given as in (3): 


RSD = Standard deviation,o x 100 


Mean,u (3) 
Based on the result, the minimum RSD value obtained is 0.0019 at 0.9 ppm of iron concentration, while the 
maximum RSD value obtained is 0.0083 at 0.4 and 0.5 ppm of iron concentration. The calculated value for 
differences between maximum and minimum of RSD is obtained to be 0.0064. Based on the analysis of RSD 
value, we can conclude that this research work provides a precise measurement data as the RSD value is low, 
showing less data spreading. 
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Figure 8. RSD value as concentration varies 


In order to provide a thorough analysis, the same sensor head is tested with real water samples. 
As discussed in the earlier part, the wavelength used is 690 nm since it provides better sensitivity than 769 nm. 
Figure 9 shows the analysis of the result obtained through the experiment conducted for real water samples, 
the sensitivity and linearity obtained are 0.0091/ppm and 0.7904 respectively. With respect to these two 
performance parameters, it is evident that the result for real water samples is not as good in comparison to the 
result of iron standard solution. This is probably due to the existence of other chemicals in the real water 
samples and it may cause the interference effect, hence degrading the sensor performances. 

In comparison with previous developments, this work demonstrates comparable performance for 
linearity but lower performance for sensitivity. With respect to operation, this proposed sensor has the edge 
in that it does not require reagent for the measurement, indicating the simplicity in the operation. The result 
comparison of this work and previous work is presented in Table 1. 
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Figure 9. Analysis of real water samples as iron concentration varies 


Table 1. Comparison with previous research work 


References Year _ Structure Sensitivity R? Use of reagent 
[28] 2003 Straight - - Yes 
[29] 2013 Straight = -0.1842/ppm 0.9959 Yes 
[30] 2016 = Straight -0.0751/ppm 0.9453 Yes 

This work 2022 Straight 0.0328/ppm 0.9824 No 


For improvement, the sensitivity and selectivity of the sensor could be further enhanced in a few 
ways. For example, the optical fiber sensor could be fabricated with different geometry structure [35] and 
addition of coating layers to the sensor head in order to improve the sensitivity and selectivity of the sensor 
towards iron concentration. The geometry structure can help to improve the sensitivity via the increase of the 
penetration depth and the number of TIR events at shorter wavelengths [23]. Meanwhile, coating layer can 
help to improve the selectivity of the sensing medium and thus lowering the risk of interference effect. 
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4. CONCLUSION 

In conclusion, an unclad optical fiber sensor for iron detection is successfully presented in this work. 
The sensing head is based on unclad fiber in which the light from the core leaks to the surrounding and 
interacts with the iron solution at different concentrations. For optimization of the unclad length, the unclad 
fiber is tested at 3 different lengths of 1 cm, 2 cm and 3 cm. The unclad length of 1 cm is chosen for the 
sensor head due to its lowest loss compared to others. The sensitivity and linearity obtained using this sensing 
head are 0.0328/ppm and 0.9824 respectively at the wavelength of 690 nm. In this work, the detection of the 
iron concentration does not require any chemical reagent, thus offering simplicity and cost-effectiveness to 
the sensing implementation. 
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